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INTRODUCTION 
Cavity nesting birds can be separated into 3 guilds: 
(1) primary excavators, (2) weak cavity excavators, 
and (3) secondary cavity nesters (Martin et al. 2004). 
Nest site selection by a secondary cavity nester, a 
species which cannot excavate their own cavities, 
rely on primary and weak excavators (or naturally 
occurring cavities) for nesting (Newton 1994; Aitken 
and Martin 2008). One secondary cavity nester, 
the European Starling (Sturnus vulgaris; hereinafter, 
starling), is one of the most globally successful birds, 
and competes for nest sites with primary and weak 
cavity excavators (Kessel 1957; Ingold 1994; Marzluff 
et al. 2001). 
Originally from Europe and western Asia, the 
starling was introduced to the United States in the 
1890s in New York City and, since, has expanded 
its distribution to include much of North America 
(Chapman 1925; Bent 1950; Kessel 1957; Linz et 
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al. 2017). Starlings have also been introduced into 
Australasia, the Pacific and Caribbean islands (Feare 
1984), South America (Pérez 1988; Zufiaurre et 
al. 2016), and South Africa (Winterbottom and 
Liversidge 1954). The species is considered a general 
vertebrate pest in their introduced and native ranges 
(Feare 1984; Pimentel et al. 2000; DeVault et al. 2011). 
Part of the success of the starling stems from its 
behavioral innovation and ability to exploit novel 
nesting and foraging resources (Mennechez and 
Clergeau 2006). Starlings will nest in anthropogenic 
structures located near mowed areas (Feare 
1984; Mennechez and Clergeau 2006) and share 
information socially, especially during the high 
energetic demand of the breeding season (Kessel 
1957; Caccamise and Morrison 1986). Relative to 
plasticity in nest-site selection, starlings have also 
constructed nests inside engines and control surfaces 
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of aircraft that were inactive for only a few days, 
and introduced materials which could have resulted 
in a system malfunction and/or fire (Bridgman 
1962; Jackson 2000). Further, the species is highly 
aggressive and persistent in nest-site selection; 
starlings have usurped cavities from numerous 
species including raptors (Bent 1950; Ingold 1989; 
Kerpez and Smith 1990; Ingold 1994; McClure et al. 
2015). Starlings, therefore, can pose adverse effects 
on the fecundity of native avian species (Koenig 
2003; Koenig et al. 2017). 
In conservation applications, intending to reduce 
nest site competition by starlings, variations of 
“starling-proof” nest boxes have been successful 
(McGilvrey and Uhler 1971; Tyson et al. 2011; 
Campbell et al. 2012). However, nesting starlings 
are still a formidable problem because they nest 
in a variety of anthropogenic structures. In these 
instances, nesting deterrents (e.g., chemically-based 
predator cues) applied at potential nest sites hold 
more potential as a management tool (Blackwell 
et al. 2018).
Studies at the National Aeronautics and Space 
Administration (NASA) Plum Brook Station 
(PBS), Erie County, Ohio, United States—a site 
in northern Ohio where starling nesting deterrent 
methods have been tested for 30 years (Seamans et al. 
2015)—report declining starling nest box occupancy 
(nests with ≥1 egg) rates from approximately 100% 
to as low as 50%, regardless of applied deterrents 
(Dolbeer et al. 1988; Belant et al. 1998; Seamans 
et al. 2015; Blackwell et al. 2018). As late as 2017, 
starlings occupied only 57% of available boxes at 
the site (Blackwell et al. 2018). Data from the North 
American Breeding Bird Survey (BBS; Pardieck et 
al. 2018) indicated a decrease in the number of 
starlings observed on BBS routes in Ohio since 
1966; yet, 182 starlings were observed per route 
in the bird conservation region of the lower Great 
Lakes/St. Lawrence Plain in 2015, surpassing most 
other species. Seamans et al. (2015) and Blackwell 
et al. (2018), however, speculated that lower nest 
box occupation rates by starlings at a northern Ohio 
site were not attributable to a declining population, 
but rather the increased availability of tree cavities 
for nesting, particularly in response to tree damage 
from invertebrate pests.
Specifically, the forest structure in the midwestern 
United States, and Ohio particularly, has changed 
drastically since the 1980s, due in part to damage by 
the invasive emerald ash borer (Agrilus planipennis) 
which has created an abundance of white ash 
(Fraxinus americana) snags (ODNR 2019). Further, 
populations of certain woodpecker species (e.g., 
Red-bellied Woodpecker; Melanerpes carolinus) in 
ash borer-impacted areas have responded positively 
with the abundance of ash snags (Koenig et al. 2013). 
Red-bellied Woodpeckers, moreover, compete 
poorly with starlings for available cavities (Ingold 
1994). Studies from the United States and Europe 
have also shown that starlings prefer freshly excavated 
or limb-break cavities, with no old nesting material 
(Ingold 1998; Mazgajski 2000; Mazgajski 2003), 
to nest boxes (Planck 1969). Tree cavities without 
nesting material from the prior year necessitate less 
effort for new nest preparation, which allows more 
energy to be expended on other activities (Mazgajski 
2007). Finally, excavated and limb-break cavities can 
provide cavity concealment, whereas nest predators 
can learn to associate identical activity at nest boxes 
with prey (i.e., acquire a search image for potential 
prey locations; Feare 1984; Wesołowski 2017). 
Given its relative abundance in Ohio, aggressiveness 
in nest-site selection, and use of multiple resources 
as potential nest sites, it was hypothesized that nest 
box occupancy by starlings would be a function of 
not only the availability of potentially suitable tree 
cavities (Planck 1969; Mouton and Martin 2018), 
but also the semi-colonial nature of breeding 
starlings and access to foraging areas (e.g., mowed 
lawns near buildings). Specifically, it was predicted 
that starling occupancy of nest boxes would be (1) 
negatively correlated with higher total plot scores 
which assessed potentially suitable tree cavities 
within 100 m of nest boxes using a constructed 
index (Planck 1969; Peterson and Gauthier 1985; 
Carlson et al. 1998; Aitken and Martin 2004); (2) 
positively correlated with the increased proximity 
of other starling occupied nest boxes, based on the 
species’ semi-colonial habits, which are thought 
to enhance foraging success through information 
exchange (Kessel 1957; Krause and Ruxton 2002); 
and (3) in proximity to buildings and their resources 
(Feare 1984).
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METHODS
Nest Box Placement
The study was conducted on the 2,200 ha NASA 
Plum Brook Station (PBS), Erie County, Ohio, 
United States (lat 41°22'19"N, long 82°40'49"W). 
The habitats contained within PBS support a high 
level of biodiversity including 39% canopy-dogwood 
(Cornus spp.), 15% open woodlands, and 11% of 
mixed hardwood forests (Bowles and Arrighi 2004; 
Tyson et al. 2011). Nest boxes designed to encourage 
nesting by starlings have been on the property since 
1984. Their purpose was to test nesting deterrent 
methods and products, many of which had no effect 
(Belant et al. 1998). 
In 2011, approximately 50 wooden nest boxes 
(28 × 13 × 17 cm, with a 5.1 cm diameter entrance) 
were attached to utility poles on PBS. The nest 
boxes were placed 2.5 to 3.0 m above the ground. 
These nest boxes were closed in 2015 and reopened 
in early 2017 after old nest material was removed. 
Additionally, 70 new wooden nest boxes were added 
to utility poles in early 2017 (Blackwell et al. 2018), 
which increased the total number of nest boxes to 
120. It was assumed that age of the nest box did 
not influence occupation rates because of the short 
duration (2 years) between nest box placements. 
All utility poles with nest boxes were affixed with 
aluminum predator guards below the boxes, a feature 
common to previous research at the site (Seamans 
et al. 2015). During 2017, the nest boxes were used 
in an experimental design to investigate the efficacy 
of predator scent as a means to deter starlings from 
nesting (Blackwell et al. 2018). Blackwell et al.’s 
(2018) study did not find any influence of predator 
scent on the laying date of the first starling egg, 
clutch size, and hatchling number; these data were 
used in aspects of the current study.
Index for Potentially Suitable Tree Cavities
The constructed index for cavities parallels that 
of a habitat suitability index, which determines 
the overall suitability of habitat features for a 
focal species. Habitat suitability indices were 
not available for the starling or the Red-bellied 
Woodpecker (USFWS). Further, available 
resources limited the time and personnel necessary 
to search for and measure cavities during the 
starling breeding season, particularly considering 
obstruction by leaves. Instead, searches for 
excavated, natural, and limb-break cavities were 
conducted in the winter (January and February 
2018). Cavity depth, and subsequently, volume, 
and evidence of nesting from the previous year 
(important factors for starling nest site selection; 
Mazgajski 2003) were not measured because 
of safety concerns associated with climbing 
dead or dying trees. Absent both cavity volume 
measurements and evidence of starling nesting, the 
constructed index was considered as a metric of 
a cavity’s potential suitability for starling nesting. 
The majority of trees at PBS are deciduous, and 
trees observed in January have completed their 
leaf drop (T. W. Seamans, pers. obs.). Tree cavities 
were located by 3 observers searching intensively 
within a 100 m radius plot, centered at randomly 
selected nest boxes (n = 40; Fig. 1), selected from 
the 120 nest boxes used by Blackwell et al. (2018). 
Starlings tend to concentrate their activity within 
100 m from a nest site, a distance which gradually 
decreases as the breeding season advances (Kessel 
1957). Hence, starling occupants of tree cavities 
and nest boxes during the spring and summer 
of 2017 would likely have had knowledge of 
the surrounding availability of potential nesting 
cavities within this radius (Kessel 1957). It was 
assumed that no new cavities were formed, or no 
old cavities became unavailable, from the spring 
of 2017 into the winter of 2018 (approximately 6 
months since the previous study was completed).
Cavity diameter is a critical component of 
suitability. Starlings physically cannot enter 
cavities that have an entrance less than 3.81 cm 
in diameter, and are part of a community of birds 
that use Northern Flicker (Colaptes auratus), Red-
headed Woodpecker (Melanerpes erythrocephalus), 
and Red-bellied Woodpecker cavities—which are 
all typically greater than 4.5 cm in diameter (Bent 
1950; Peterson and Gauthier 1985; Ingold 1994). 
Starlings do not prefer the larger cavities (10 cm 
in diameter) created by Pileated Woodpeckers 
(Dryocopus pileatus; Ingold 1994). Therefore, 
cavities were considered as potentially suitable 
for starling nesting if they were at least 4.5 cm in 
diameter and not a Pileated Woodpecker cavity, 
the latter of which are identifiable by their unique 
shape (Bull and Jackson 2011). Observers estimated 
the entrance size by comparing cavities to black 
wooden circles of known dimensions, suspended 
on elevated rods, held to the cavity (or as close 
to the cavity as possible). Also, the integrity of 
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the cavity (i.e., completely enclosed or not) was 
scrutinized from the ground by at least 3 observers. 
The observers also measured 8 variables at each 
tree hosting a potentially suitable cavity: tree status 
(i.e., dead, >3 limb-breaks equals major injuries, 1 
or 2 limb-breaks equals minor injuries, or alive), if 
the cavity was made by a limb-break or a primary 
excavator, number of other potentially suitable 
cavities in the tree, diameter at breast height 
(DBH), cavity height, canopy height, nearest 
entrance obstruction (i.e., nearest obstruction in 
front of each cavity entrance), and distance to dry 
grassland edge (Aitken and Martin 2004). The 
distance to dry grassland edge from the potential 
cavity was estimated using a range finder. However, 
if the vegetation was too dense, this measurement 
was calculated using the USGS GAP/LANDFIRE 
National Terrestrial Ecosystems 2011 dataset 
(30 m × 30 m resolution) reclassified in ArcMap® 
10.4 for Desktop (Esri®, Redlands, California, 
United States). These 8 variables are known to 
be significant contributing factors in determining 
the potential suitability of tree cavities for starling 
nesting (Planck 1969; Peterson and Gauthier 1985; 
Carlson et al. 1998; Aitken and Martin 2004). Age 
of each cavity, volume, and presence of old nesting 
material are also important variables for starling 
occupancy (Mazgajski 2003; Mazgajski 2007). As 
noted above, observers could not access cavities 
to determine volume or inspect contents. Further, 
observers could not objectively determine cavity 
age over 1 survey season.
The potentially suitable cavity index comprised 
a value for each of the 8 variables (Table 1). As 
distance to dry grassland edge is considered an 
important factor for foraging, and not directly 
related to cavity parameters, this metric was 
weighted arbitrarily by a factor of 4. Specifically, 
cavity preferences can differ regionally based 
on availability (pest invasion, excavator species, 
etc.), but grassland edges likely harbor preferred 
invertebrate prey regardless of geographical 
location (Aitken and Martin 2004; Heldbjerg et 
al. 2017). 
Excavated and limb-breaks were the only 
categorical definitions for type of cavity. Starlings 
prefer cavities that have been freshly excavated 
to limb-break and natural cavities (Wesołowski 
1989), therefore limb-break and natural cavities 
were assigned a value of “1” and excavated cavities 
a “2.” Higher values for a variable corresponded 
with a desirable cavity characteristic. If a tree 
FIGURE 1. Location of nest boxes (n = 40, out of 120 total) where landscape features were measured at NASA’s Plum Brook Station 
(PBS), Erie County, Ohio, United States  
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had more than 1 potentially suitable cavity, the 
type of cavity (limb-break or excavated) with the 
higher score was used. Although the starling is 
considered to be a semi-colonial nester, trees with 
multiple potentially suitable cavities might not 
score as well because of tree condition (Aitken and 
Martin 2004). Each potentially suitable cavity was 
scored using this index. Next, a total plot (i.e., the 
aforementioned 100 m radius around a selected 
nest box) score was calculated by adding all scores 
for a given plot. Greater total plot scores were 
assumed to be correlated with increased starling 
preference for tree cavities within the plot (i.e., 
the total plot score would be negatively correlated 
with the likelihood of starling occupancy of nest 
boxes). 
Landscape Variables
The buildings in the study area were manually 
geo-referenced via ArcMap using Google® Earth™ 
imagery (Google Earth Pro 7.1.5). Starlings have 
been observed nesting in buildings at the study site 
since 1987 (T. W. Seamans, pers. obs.). A raster with 
pixel data (30 m × 30 m resolution) was created using 
the “raster” package in R (R Core Team 2018), and 
was used to determine the distance from the nearest 
building for each selected nest box. Each nest box 
was previously georeferenced (±4 m accuracy) using 
a hand-held Garmin® GPSMAP® 64s (Garmin 
International Inc. Olathe, Kansas, United States). 
Because nest box location was uniformly distributed 
in a linear manor (every 60 m) on utility poles, the 
search radius for other occupied starling nest boxes 
was increased to 200 m. The number of other nest 
boxes falling within 200 m of a selected nest box in 
which starlings occupied (i.e., boxes containing ≥1 
egg, as recorded by Blackwell et al. 2018) was also 
calculated. Here, the “over” command in the “sp” 
package in R was used for all nest boxes (n = 120; R 
Core Team 2018). The “over” command finds spatial 
objects (in this case, occupied starling nest boxes) 
within a certain area (here, a 200 m search radius). 
Table 1
Index for potentially suitable tree cavities for European Starlings (Sturnus vulgaris). Each cavity of 
the preferred diameter (>4.5 cm and <10 cm) located within 100 m of a nest box was scored using 
this index. The total plot score involved the sum of the cavity scores for each plot. References 
refer to sources which suggest importance of the variable to starling nesting. 
Variable References Score
0 1 2 3
Distance to dry grassland 
edge (m) a 
Planck 1969;
Aitken and Martin 2004;
Heldbjerg et al. 2017
>14 11-13 8-10 <8
Tree condition Aitken and Martin 2004 Dead Major 
injuries
Minor 
injuries
Alive
Canopy height of tree (m) Planck 1969;
Peterson and Gauthier 1985 
<2.5 2.6-5.0 5.1-7.5 >7.6
Cavity height (m) Planck 1969; 
Aitken and Martin 2004
<0.4 0.5-1.4 1.5-2.4 >2.5
Number of other cavities Aitken and Martin 2004 ≥3 2 1 0
DBH of nesting tree (cm) Peterson and Gauthier 1985; 
Aitken and Martin 2004
<12 13-23 24-34 >34
Entrance obstruction (m) Peterson and Gauthier 1985 <1 1.1-2 2.1-4.9 >5
Type of cavity Wesołowski 1989 --- Limb-break Excavated ---
a Weighted by a factor of 4 based on its importance (weighted score: 0, 4, 8, and 12). 
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Statistical Analysis
Variables were checked for correlation, and those 
that were uncorrelated (r < 0.8) were included in 
analyses (Freckleton 2011). These data were analyzed 
using a generalized linear model (GLM) with a 
binomial error term and a logistic link function to 
investigate the effects of the predictor variables on the 
probability of starling occupancy (1 = a nest box was 
occupied and starlings produced ≥1 egg in 2017, 0 = a 
nest box was not active or used by another species). 
The full model (structured relative to the predictions) 
included number of neighboring occupied starling 
nest boxes, distance from buildings, and the total plot 
score as fixed effects. A model composed of distance 
from building as the sole fixed effect (because of 
the importance of mowed lawns kept around the 
buildings; Aitken and Martin 2004; Heldbjerg et 
al. 2017), as well as an intercept-only model, were 
also evaluated. No other variable combinations were 
evaluated. Models were compared using Akaike 
information criterion adjusted for small sample size 
(AICc; Burnham and Anderson 2002). Variable 
importance was evaluated by their 95% confidence 
intervals and if they overlapped zero. All statistical 
analyses were carried out using R software, version 
3.4.4 (R Core Team 2018). We report means and 
standard errors of cavity measurements.
RESULTS 
Between March and July 2017, starlings occupied 
52% (n = 21) of 40 nest boxes randomly selected 
from Blackwell et al. (2018). The number of trees 
with potentially suitable cavities within 100 m plots 
around selected nest boxes ranged from 0 to 15 trees 
(n = 115 trees, mean = 4 trees per plot, SE ±0.75). 
Woodpecker-excavated cavities predominate our 
sample (n = 171 total cavities; excavated cavities: 
n = 118 or 69%; natural limb-break cavities: n = 53 
or 31%). Excavated cavities were mainly observed in 
eastern cottonwoods (Populus deltoides), and limb-
break cavities were observed in maple trees (Acer spp.). 
Most cavities (n = 75, 65%) were the only cavity in 
a tree (max cavities in a single tree = 5). The largest 
DBH (192 cm) of a tree with a potentially suitable 
cavity was measured on an eastern cottonwood. The 
mean DBH of a tree with a potentially suitable cavity 
was 61 cm, SE ±2.6. Maximum height of a tree with 
a potentially suitable cavity was 28 m (mean = 16 m, 
SE ±0.85). Maximum height of a potentially suitable 
cavity was 27 m (mean = 8.5 m, SE ±0.43). The mean 
distance between a potentially suitable cavity and 
the nearest obstruction was 4.1 m, SE ±0.19. Trees 
with potentially suitable cavities were composed of 
20% live and 23% dead trees, and those with major 
(31%) and minor (26%) injuries. About 46% of trees 
with potentially suitable cavities were surrounded 
by or were within 29 m of grasslands (the smallest 
pixel size), 30% of trees were located between 30 
and 39 m away from grasslands, and the remaining 
24% were over 40 m away from grasslands. Most 
nest boxes (58%) did not have another occupied 
nest box within 200 m. The mean distance from a 
building to a nest box was 330 m, SE ±40. 
The 3 GLMs were all within 2 ΔAICc, but the 
distance-from-building model had the highest 
model weight (≥2 times that of other models) and 
a variable with a 95% confidence interval that 
did not overlap zero (Table 2). In addition to low 
ΔAICc for the full model, confidence intervals for 
the total plot score (CI: −0.01 to 0.01) and number 
of neighboring occupied starling nest boxes (CI: 
−2.16 to 0.21) overlapped zero; thus, these variables 
were considered superfluous. Nest boxes were more 
likely to be occupied when closer to buildings, a 
potential proxy for foraging areas in the form of 
mowed lawns (Fig. 2). 
Table 2
Results from 3 generalized linear models predicting European Starling (Sturnus vulgaris) nest 
box occupancy at NASA’s Plum Brook Station (PBS), Erie County, Ohio, United States
Model Residual df Residual deviance AICc ΔAICc Wi
Distance from building a 38 51 55 0 0.54
Distance from building + number of neighbors b 
+ total plot score c
36 48 56 1.5 0.26
Intercept 39 55 57 2 0.20
a 95% confidence interval = −0.01 to 0.00. Confidence intervals from the full model are reported in the results.
b Number of neighbors is the number of nest boxes occupied by European Starlings within 200 m of a given nest box.
c Total plot score was calculated based on the index for potentially suitable tree cavities. 
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DISCUSSION 
Contrary to the first 2 predictions, the potential 
cavity suitability index (via the total plot score) 
was not a significant predictor of the starlings’ use 
of nest boxes. Starling occupancy of nest boxes 
was unaffected by the total plot score and nest 
box occupancy was not positively correlated with 
occupancy of neighboring nest boxes. Several 
possible, but non-mutually exclusive, factors may 
explain these findings: First, references used to 
calculate this index of potentially suitable cavities 
were not based on data from a United States eastern 
deciduous forest, but rather from conifer and aspen 
forests of Canada or from starlings’ native range in 
Europe (Planck 1969; Peterson and Gauthier 1985; 
Carlson et al. 1998; Aitken and Martin 2004). 
Second, conflicting evidence for the importance 
of certain cavity characteristics—such as cavity 
height—was found (Planck 1969; Van Balen et 
al. 1982; Aitken and Martin 2004). For instance, 
a cavity suitability index would likely perform 
best if calibrated to local conditions, spatially and 
temporally to incorporate variance (e.g., abundance 
of nesting primary excavators, extent of invertebrate 
pest damage to wood, etc.; Stephens et al. 2015; 
Mouton and Martin 2018). Third, unlike the 
ecological data used to develop the index applied 
in this study, the landscape of this study site was 
fragmented and not in a continuous forest, which 
could have introduced an edge effect by increasing 
the chance of nest competition (Deng and Gao 
2005). Fourth, observers were unable to make direct 
measurements of cavity volume. Finally, because 
surveys were conducted during the winter, the 
observers could not assess starling use and distance 
to other nesting starlings in cavities and/or buildings. 
In support of the third prediction, it was observed 
that proximity to buildings was the most important 
predictor of starling nest box occupancy. It is likely 
that this variable was also an accurate predictor of 
short grass availability, because right-of-way areas 
beside roads were mowed more frequently when next 
to buildings on PBS property (M. B. Pfeiffer pers. 
obs.). Furthermore, there were likely other nesting 
starling pairs in the buildings, which would increase 
social information exchange about food resources and 
hence the preference for nesting location (Krause 
and Ruxton 2002). These findings are similar to 
results from Lerman et al. (2014) that found the 
percentage of landscape composed of buildings or 
maintained lawns was an important variable for 
starling habitat. Starlings likely preferred these short 
grass areas because the perceived risk of predation is 
lower (Devereux et al. 2005).
FIGURE 2. Probability of nest box occupancy for European Starlings (Sturnus vulgaris) in relation to distance from building at NASA’s 
Plum Brook Station (PBS), Erie County, Ohio, United States. The fitted logistic equation from the generalized linear model is shown. 
The insert shows examples of grass height near nest boxes within (a) 100 m and (b) 300 m of a building. Photographs taken by M. B. 
Pfeiffer on June 15th, 2018, during the starling breeding season.  
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CONCLUSION
Given that a relatively small percentage of the 
PBS property was searched (less than 6%), but 171 
potentially suitable cavities were detected, this study 
provides evidence that cavities for nesting starlings 
were not a scarce resource on PBS, as suspected by 
Seamans et al. (2015) and Blackwell et al. (2018). 
However,it was the proximity of buildings and 
their resources that influenced starling occupancy 
of nest boxes, not the availability of potentially 
suitable tree cavities. Future research examining 
starling use of nest boxes should consider nest box 
location in relation to buildings, particularly with 
regard to treatments intended to deter nesting. 
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